Abstract Gastric carcinoma is a heterogeneous malignant disease involving genetic factors. To identify predictive markers for gastric cancer treatment in Chinese patients, we evaluated the association between polymorphisms of the gene encoding cytochrome P450 2A6 (CYP2A6) and outcomes of S-1 plus oxaliplatin (SOX) chemotherapy treatment. Clinical data on 60 consecutive gastric cancer patients receiving SOX regimen were collected prospectively. We sequenced all exons of CYP2A6 and a total of 22 different polymorphisms were detected in the present study. Comprehensive analyses of these genetic polymorphisms were performed to determine their association with both safety and efficacy of SOX regimen. Our results showed that polymorphisms of CYP2A6 were associated with the safety and efficacy of SOX treatment. Among them, missense mutations CYP2A6 rs60823196 and rs138978736 could be possible risk factors (P < 0.05) for severe diarrhea induced by SOX, whereas CYP2A6 rs138978736 could be a conceivable predictor for overall survival of patients treated with SOX adjuvant chemotherapy. Further large-scale randomized prospective studies are warranted to confirm these findings.
Introduction
Gastric cancer is a leading cause of cancer-related death all over the world with around 50% of gastric carcinoma patients from East Asia [1, 2] . In China, gastric cancer each year accounts for about 35%-40% of new cases and deaths globally [1] , with its national incidence and mortality both in third place [3] .
Surgical removal remains the cornerstone for resectable gastric carcinoma. However, the high rate of recurrence and metastasis, as well as the poor survival following resection, makes it necessary to consider postoperative adjuvant treatment [4, 5] . As a first-line regimen for gastric cancer patients, the efficacy and safety of S-1 plus oxaliplatin (SOX) combination chemotherapy have been extensively validated [6] [7] [8] . Notably, a good response rate has been achieved in patients suffering from resectable advanced gastric adenocarcinoma, upon SOX treatment after surgery [5] .
S-1 is an oral fluoropyrimidine [9, 10] used as an adjuvant treatment agent for stomach carcinoma [11, 12] . The main antitumor ingredient of S-1 is tegafur, which is converted to 5-fluorouracil (5-FU) catalyzed primarily by cytochrome P450 2A6 (CYP2A6) [13, 14] . CYP2A6 exhibits varied enzyme activity (http://www.cypalleles.ki.se) and polymorphic variations in CYP2A6 are detected more frequently in Asians than in Caucasians [15] [16] [17] . CYP2A6 has been reported to be associated with clinical outcomes of S-1-based regimen for patients with gastric carcinoma [18, 19] . Recent pharmacokinetic studies have also revealed that gastric cancer patients treated with S-1 possess different plasma concentrations and clearance of tegafur, due to the CYP2A6 polymorphisms [20] .
Oxaliplatin is a platinum analog showing strong inhibitory effect on DNA synthesis and well-tolerated adverse reactions [21, 22] . Oxaliplatin targets DNA and forms Pt-DNA adducts, thus leading to blockage of DNA replication and death of tumor cells [23] .
In the present study, we set out to identify genetic variations by Sanger sequencing to evaluate correlations between genetic variants of CYP2A6 and outcomes of gastric carcinoma patients treated with SOX chemotherapy to identify potential markers to assist in therapeutic selection.
Results

Patient characteristics and treatment outcomes
A total of 60 eligible patients were included in the present study. These included 30 patients who were treated with SOX as firstline chemotherapy and the other 30 patients who were treated with SOX as adjuvant chemotherapy after surgery. Basic characteristics, survival information, and severe hematological and non-hematological toxicity of SOX regimens are summarized in Table 1 . These two groups were comparable in ECOG performance status but varied a lot in survival time. Toxicity was found in 3.3%À26.7% of all patients in terms of the occurrence of severe neutropenia, thrombocytopenia, diarrhea, vomiting, and nausea. More patients receiving SOX as the first-line treatment appeared to suffer from severe neutropenia, thrombocytopenia and diarrhea than those receiving SOX as the adjuvant therapy, while the appearance of vomiting and nausea was comparable in both groups.
Association between CYP2A6 polymorphisms and severe toxicity
To examine the possible effects of CYP2A6 on the drug toxicity of SOX therapy, we sequenced all exons of CYP2A6 for single nucleotide polymorphisms (SNPs) present in the 60 patients. As a result, we identified totally 22 SNPs in the present study, all of which were in Hardy-Weinberg equilibrium (P > 0.01). The allele designations were defined according to the CYP Allele Nomenclature Committee and the identified polymorphisms in CYP2A6are listed in Table S1 . CYP2A6*5,*7,*8,*10, and *11 were found with occurrence ranging 0.031-0.062 (Table S1 ). The allelic frequencies of CYP2A6*5,*7,*8, and *10 were similar to those reported previously [18, 19, 24] , whereas frequency of CYP2A6*11, which showed poor metabolic phenotype toward tegafur, has not been definitely determined before [25] . Previous studies have shown that CYP2A6*5 and *8 are unlikely to affect catalytic activity, whereas CYP2A6*7,*10, and *11 yield enzyme with reduced activity (http://www.cypalleles.ki. se/cyp2a6.htm). In this study, CYP2A6 rs5031017 occurring in variant *5 and rs28399468 occurring in variant *8 did not exhibit association with severe toxicity ( Table 2) , which was consistent with previous reports about their lack of impact on enzyme activity.
We then performed association analysis between toxicity phenotypes (shown in Table 1 ) and CYP2A6 polymorphisms (shown in Table S1 ). As shown in Table 2 and Table S2 , only SNPs rs60823196 and rs138978736 in CYP2A6 were significantly associated with grade 3-4 diarrhea (P < 0.05; Table 2 ), whereas no significant associations were found for other SNPs and toxicity phenotypes. The odds ratios are 4.905 with 95% of confidence interval (CI) of 1.38-17.45 for rs60823196 and 15.860 with 95% CI of 4.05-62.11 for rs138978736, respectively, indicating that these two SNPs could be the risk factors for SOX-induced severe diarrhea. Therefore, we focused the following analyses on these two SNPs.
Association between rs60823196/rs138978736 genotypes and severe diarrhea
We next analyzed the risk of severe diarrhea associated with CYP2A6 rs60823196 or rs138978736 genotypes ( Table 3) . SNPs rs60823196 and rs138978736 were found in 30% and 18% of the 60 patients examined in this study. Fisher's exact test analysis revealed that occurrence of diarrhea varied significantly among patients with wild/heterozygous/homozygous genotypes of CYP2A6 (P = 0.0270 for rs60823196 and P < 0.0001for rs138978736). Similarly, significant differences were observed using Cochran-Armitage trend test (P = 0.0100 for rs60823196 and P < 0.0001 for rs138978736).
We therefore speculate that there may be a linear relationship between occurrence of severe diarrhea and variant allele number of CYP2A6 rs60823196 orrs138978736, i.e., more variant alleles of CYP2A6 rs60823196 or rs138978736 might lead to higher risk of grade 3-4 diarrhea (Table 3) . Furthermore, patients with homozygous CYP2A6 rs138978736 variants had significantly higher risk of grade 3-4 diarrhea compared to patients with the wild type genotype (P = 0.004), whereas no significant difference was observed for patients when comparing homologous rs60823196 variants with wild-type ( Table 4 ). The risk of severe diarrhea between patients with wild genotype and those carrying one or two variant alleles was also significantly different (P < 0.05; Table 4 ). Patients carrying variant alleles of rs60823196 or rs138978736 had a higher risk of developing severe diarrhea (OR = 6.43, 95%CI = 1.06-38.90 for rs60823196; OR = 14.86, 95%CI = 2.29-96.57 for rs138978736). These data indicated that compared to patients with wild type genotypes, individuals carrying variant alleles were prone to severe diarrhea. We also analyzed the combinatorial effects of these two variants on the risk of severe diarrhea. We found that although there was a significant difference between patients carrying both CYP2A6 rs60823196 and rs138978736 variant alleles compared to patients with wild type genotypes (P = 0.015), patients carrying both CYP2A6 rs60823196 and rs138978736 variant alleles did not show a higher OR (12.35) than those carrying either rs60823196 (6.43) or rs138978736 variant (14.86) ( Table 4) .
Association between rs60823196/rs138978736 genotypes and patient survival
Association between CYP2A6 rs60823196/rs138978736 genotypes and survival of patients treated with SOX as first-line and adjuvant regimens was also analyzed. It was shown that CYP2A6 rs138978736 was a significant independent risk factors for overall survival (OS) for patients treated with SOX as adjuvant chemotherapy (P = 0.006) (Figure 1) , whereas none of rs60823196 and rs138978736 was significantly associated with OS/progression-free survival (PFS) of patients treated with SOX as first-line chemotherapy.
Association between CYP2A6 haplotypes and severe toxicity
We established haplotypes of SNPs with minimum MAF ! 0.1 and estimated its correlation with SOX-induced toxicity ( Table 5) . Linkage disequilibrium (LD) blocks were defined by the CI algorithm, and LD structure was displayed by Graphical Overview of Linkage Disequilibrium (GOLD) heat map color scheme. As shown in Figure 2 , a linkage block was observed across the sequenced region in these Chinese gastric cancer patients.
Five haplotypes were inferred and the most common haplotypes were H1 and H2 which account for 91.5% of all haplotypes (Table 5 ). Pearson test indicated that haplotypes H1 and H3 were significantly associated with a higher risk of grade 3-4 diarrhea (P = 0.049 for H1 and P = 0.046 for H3), whereas haplotype H4 showed significant association with grade 3-4 vomiting (P = 0.024) and haplotype H5 was significantly associated with grade 3-4 neutropenia (P = 0.013).
Discussion
Polymorphisms in CYP2A6 are indicated to have association with S-1-based regimen for gastric carcinoma patients repeatedly. Here we conducted direct exon sequencing, aiming to identify variants in CYP2A6 exon regions that could explain the correlated toxicity and efficacy of SOX regimen for gastric cancer patients. A total of 22 SNPs from 60 enrolled gastric cancer patients were identified. Despite the lack of significant association between some CYP2A6 hotspot alleles and severe toxicity in previous studies [19, 24] , we found that two missense SNPs identified in the present study, CYP2A6 rs60823196 and rs138978736, exhibited significant correlation with severe diarrhea. CYP2A6 rs60823196 and rs138978736 result in amino acid changes at positions 301 (G301A) and 239 (Q239K), respectively. To our best knowledge, there have been no reports about the association between these two SNPs and catalytic activity of CYP2A6 or possible roles of G301 and Q239 in the function of CYP2A6. These SNPs might lead to decreased metabolic activity of S-1 and increased drug toxicity manifested as severe diarrhea described in this study. However, more functional studies and association analyses would be required to test this speculation. In addition, we could not rule out the possibility that variants in non-exonic Figure 1 Kaplan-Meier curve of overall survival stratified based on rs138978736 genotype for gastric cancer patients treated with SOX adjuvant chemotherapy Log-rank tests were used to perform survival analysis between patients' genotypes and survival time. The survival curve was plotted according to CYP2A6 rs138978736 genotypes of 30 gastric cancer patients who were treated with SOX adjuvant chemotherapy (P = 0.006). SOX, S-1 plus oxaliplatin. regions of CYP2A6, which were not examined in the current study, might be associated with the severe toxicity of SOX as well [26] . Of these 22 detected variants, variants in CYP2A6*7,*10, and *11 did not exhibit association with severe toxicity. This did not agree with the decreased enzyme activity of these variants (http://www.cypalleles.ki.se/cyp2a6.htm), which might be due to interactions among different variations [27] and regimen heterogeneity [28] .
Further association analysis between CYP2A6 rs60823196 and/or rs138978736 genotypes with clinical features of gastric cancer patients showed that CYP2A6 rs138978736 was a significant independent risk factor for overall survival of patients treated with SOX as adjuvant chemotherapy. It was worthy of note that patients having fewer CYP2A6 variants (*4, *7, *9, and *10) had better overall survival when treated with S-1-based chemotherapy [24] .
Of the five haplotypes revealed, H1 occurred with highest frequency (80%) and exhibited significant association with severe diarrhea (P = 0.049). This could be attributed to the contained missense mutation rs60823196 due to its association with severe diarrhea. However, this association analysis needs to be validated further because the P value obtained was close to 0.05. It is also possible that CYP2A6 rs138978736 is more likely a truly causative variation because CYP2A6 rs138978736 showed a much lower P value (0.0002) in the association test compared with CYP2A6 rs60823196 (0.0200).
In conclusion, CYP2A6 rs60823196 and rs138978736 are possible risk factors for serious toxicity in Chinese gastric carcinoma patients treated with SOX chemotherapy. We also show that CYP2A6 rs138978736 is a significant risk factor for OS of patients treated with SOX as adjuvant chemotherapy. However, given the small sample size in the current study, our findings should be further validated in larger cohorts.
Materials and methods
Samples
In total 60 consecutive gastric cancer patients who were treated with SOX chemotherapy were collected in the Cancer Institute and Hospital, Chinese Academy of Medical Sciences (Beijing, China) from 2012 to 2014. Among them, 30 patients who had metastatic disease and measurable lesions were treated with SOX as first-line chemotherapy, while the other 30 patients who had experienced gastrectomy and D2 lymph node resection were treated as adjuvant chemotherapy. All patients met the following eligibility criteria: histologically-confirmed gastric or gastro-esophageal junction adenocarcinoma; Eastern Cooperative Oncology Group (ECOG) performance status of 0-2; age > 18; no coexisting malignancy; adequate organ function; and a sufficient amount of peripheral blood samples for following tests. All patients were treated with the same SOX regimen. Administrations of S-1 and oxaliplatin were given in our previous studies [28] [29] [30] . All the patients experienced prophylactic anti-emetic medications. Treatment continued until disease progression, unacceptable toxicity, patient refusal, or a medical determination to discontinue treatment. For adjuvant chemotherapy, 8 cycles of chemotherapy were planned. The study protocol was approved by the ethics committee of Cancer Hospital, Chinese Academy of Medical Sciences (Beijing, China), and written informed consent was collected from each patient.
Assessment of efficacy and adverse event
Patients underwent baseline evaluations as listed in Table 1 . Toxicity evaluations were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0. Tumor response was assessed according to Response Evaluation Criteria In Solid Tumors (RECIST) [31] . PFS was calculated from the day that the first chemotherapy cycle started to the day that disease progression was documented or to the date of death from any cause before documented progression, whereas OS was calculated from the day that the first chemotherapy cycle started to the date of death from any cause.
CYP2A6 genotyping
Extraction of DNA was performed using the QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA) and all exons of CYP2A6 were sequenced to screen the SNPs using the DYEnamic ET Terminator Cycle Sequencing Kit (GE Healthcare, Chalfont St. Giles, UK) on the ABI Prism 3730xl DNA Analyzer (Applied Biosystems, Foster, CA). Primers were designed using Primer 5.0 (Premier Biosoft International, Palo Alto, CA, USA) and the primer sequences are listed in Table S3 . PCR reactions were carried out in a final volume of 25 ml, containing 5 ng of genomic DNA, 10Â KOD plus buffer (Mg 2+ plus), 2.5 pM of each primer, 25 pM dNTPs, and 0.5 U of Taq DNA polymerase (KOD plus) (TOYOBO, Shanghai, China). Following pre-denaturation at 94°C for 3 min, amplification was performed under the following conditions for 35 cycles: denaturation at 94°C for 45 s; annealing at 58°C for 40 s; extension at 72°C for 2 min; and further extension at 72°C for 10 min.
SNP calling, quality control, and polymorphism confirmation from DNA sequencing were processed using programs developed by University of California, USA (http://elcapitan. ucsd.edu/hyper/polyphred.usage.html).
Statistical analysis
Correlations between polymorphisms/genotypes and toxicity were analyzed using 2-tailed Fisher's exact test and were considered significant with 2-sided P < 0.05 as calculated by PLINK v1.07 (Shaun Purcell at the Center for Human Genetic Research, Massachusetts General Hospital, and the Broad Institute of Harvard & MIT, Boston, MA). The trend analysis of phenotypes across the genotypes was performed using the Cochran-Armitage trend test in the Statistics Analysis System (SAS), version 9.3 (SAS Institute Inc, Cary, NC).
Kaplan-Meier analysis and the log-rank test were used to conduct univariate analysis between patients' genotypes and PFS/OS. Haploview 4.2 (Broad Institute of MIT and Harvard, Cambridge, MA) based on the expectation-maximization method was used to calculate the Lewontin's coefficients D' and correlation coefficient r 2 , to establish haplotypes and estimate haplotype frequency, and to analyze the relationship between the haplotypes and toxicity. LD blocks were defined by the CI algorithm, and LD structures of SNPs with minimum minor allele frequency !0.1 were established by GOLD heatmap color scheme [32, 33] .
